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(Received 7 November 1969) +&- - - -/// 3 / 7 The energy spectrum of the decay llions in T+ decay was obtained from a samale of 17 898 events. It IS 
found that-the‘spectrum is adequateiy fitted by a squared matrix element of h e a r  form, liIf/*a l+a, 
X (ill~,Q,’m~~) Y ,  with a,=0.131f0.008. KO evidence for CP noninvariance is found for T* decays. A signifi- 
cant violation of the A I =  t rule is observed for K + 4  37r decays. Comparison with several theoretical models 
for K ---f 3a decays shows fair agreement between experiment and theory. 

I. INTRODUCTION 

HE three-pion decay modes of the K niesons have T drawn considerable theoretical and experimental 
interest in recent years. The data have shown systematic 
deviations in the secondary-pion spectra from the pre- 
dictions of phase-space alone.’I2 The precise esperi- 
mental determination of the spectral shapes, using a 
large number of events with improved statistics, pro- 
vides tests of a variety of theoretical predictions. 

I n  this paper a detailed analysis of 17 898 r+ decaj-s 
at rest is presented. Preliminary results have been pre- 
viouslj. r e p ~ r t e d . ~ . ~  The experimental procedures are 
discussed in Sec. 11. Section I11 contains a description 
of the data. The details of the analysis are presented in 
Sec. IV. The results are discussed and compared to pre- 
dictions of certain theoretical models and to other es- 
perinients involving K --+ 3~ decaJ-s in Sec. V. I n  par- 
ticular, CP conservation is tested by comparing r+ to r- 
spectra and deviations from the AZ= a rule are examined 
by comparing T+ to  T’+ and Kzo spectra. 
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A bibliography of early experimental and theoretical results 
on K -+ 37r decays is included in Ref. 2. 
?T. Huetter, S. Taylor, E. L. Kolier, P. Stamer, and J. Grau- 

man, Phys. Rev. 140, B655 (1965). The data have been corrected 
by one event. 

See J. Grauman, E. L. Koller, S. Taylor, D. Pandoulas, S. 
Hoffmaster, P. Stamer, A. Kanofsky, and V. Mainkar, Bull. Am. 
Phys. Soc. 13, 586 (1968). In addition, all Z+ decays in Ref. 2 are 
included in the results of the present work. 

J. Grauman, S. Taylor, E. L. Koller, D. Pandoulas, S. Hoff- 
master, 0. Raths, L. Romano. P, Stamer, A. Kanofsky, and V. 
Mainkar, Phys. Rev. Letters 23, 737 (1969). 
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11. EXPERIMEN h I z P Q C r n Z E 8  9 4 3 
A. Exposure 

A beam of K+ mesons from the alternating gradient 
sjmchrotron (AGS) of Brookhaven National Laboratory 
was stopped in the Columbia-BNL 30-in. propane 
bubble chamber. The chamber was photographed by 
three 70-mm cameras. Approximately 150 OOO pictures 
containing about lo6 K+’s were taken, of which some 
37000 pictures were scanned for the experiment re- 
ported here. 

B. Scanning and Preliminary Selection Procedure 

Each roll of film was subjected to a systematic frame- 
b!--franie scan and rescan. On the first scanning of the 
film the scanners were instructed to locate all possible 
candidates for r decays. This included all events in 
which the incoming particle decaped into or produced 
more than one charged secondary particle. The non-r 
background included K s 2  decays with electron-positron 
pairs, r’ decays with pairs, strong interactions such as 
~ + + n  -+ ~++n-+p, etc. The scanners were encouraged 
to consult a physicist when they had any doubts that  
an event was a r ,  and in this manner much of the ob- 
vious non-r background was eliminated. A11 remaininu - 

the “obvious” r decays in flight and the “unmeasurable” 
decays. An “obvi~us” udecay in flight was defined 

as one where the secondary particles were emitted in the 
forward direction with respect to the incoming K meson, 
and where a t  least one secondary had a projected range 
longer than the maximum allowed range for a pionhorn 
a r decay at rest (-20 cni in the present experiment). 
An “unmeasurable” r was one in which the K decay 
point was visible in a single view only or for which the 
fiducial niarks were missing and hence which could not 
be geometrically reconstructed. -411 llunnieasurables” 
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were checked b), two physicists. These two t lpes  of 
events were classified and recorded but not measured. 

After a roll was scanned and measured for the first 
time, the measurements were processed by a modified 
version of the Columbia University N P W  spatial re- 
construction program using the computing facilities a t  
Colunibia and Stei.ens. The output was returned to the 
scanners, who were instructed to rescan the roll frame 
by frame and to check whether Lhe events the!. found 
were recorded or measured on the first scan. The re- 
scan was usnully carried out by scannersotherthan those 
who performed the initial scan. Upon finding new e l  ents 
the scanners were to treat them as described above for 
the first scan. I n  the process of rescanning the film the 
scanners also measured events which failed to meet cer- 
tain kinematical and geometrical constraints discussed 
below. A phqhicist was consulted on events w1iic.h were 
originally measured but suspected to be T decays in 
flight or non-7’s. The physicist then classified these 

* events after evaniining them both qunlitstively from 
their geonietrical configuration on the scanning table 
and quantitatively from their kinematics as calculated 
by the computer program. 

C. Scanning Efficiency 

Three rolls were sul~jectctl to :t complctcl!- inclcpen- 
dent second scan in  order to tlcterinine scanning elti- 
ciencics. It was found that the single-scan s( anning cfli- 
cienc.y ranged from 9.5 to (Nojg, giving combined tlout)lc- 
scan cfTicicncics of  over 90%. 

Owing to thcsc high scanning eflicienc ies, i t  w;ts (le- 
citled t h a t  no more t h a n  one resc‘ari of t he lilrri wis nccc‘s- 
sary to keep the data re:Lsonnbly free of tJiases tluc to 
pnrticular geometrical configurations of some c i w t  s. 

D. Measurement Procedure and Determination of 
Secondary-Pion Energies 

’The secondary-pion ranges were nicasiircd i n  all t Iircc 
views with two or three points per tr;tcl; for ;t “st raiglit” 
or a “curved” track, respectively. Where t hc h- decay 
point or the whole e \ m t  wits o1)scririvl io one view, the 
tne;tsurelileiits wcre pel-fornlctl in  the reiii:tiiiitIg t w o  
view.  Tlic kinetic, energies of the sccond;ti~ics LVCTC 01,- 
aincd from the calculnted rnngcs of the tracks utilizing 

e range-energy relations incorporat et1 in 1 he Nl’.W 4 spatial reconstruction program, since, a t  low energies, 
range nieasurenients are much more accurate than iur-  
vatlire measurements. In cases where one of the second- 
xrj. tracks was i‘inconipIct~’’ (i.c., the pion intcr:tcted, 
d~~~it!.etl in Ilight, or left the ~ h ~ t i ~ l ~ c r ) ,  the ILincStic en- 
erg!‘ of t h a t  tlack w:ts obtained l)y imposing niotiicn; wn 
conscrvitt ion along its iniwured direction. 1 t i  the c~iisc of 
t w o  “inconiplcte” tracks, over-all momcnt uni conscrvii- 
tion wts imposed in order to obtiiin the energies. 
-._._ 

R. J. l’lano and 1). 11. Tycko, N t d .  Tnstr. hlcthotls 20, 458 
(1 96.3). 

E. Selection Criteria for T Decays Included in Analysis 

1. Fiducial Regiopi 

A fiducial “volume” was chosen such that for a decay 
point and decay plane corresponding to that of each 
kaon under consideration, no kaon could have more 
than one secondary traclc leave the chamber. Also re- 
jected were those events in which the decay point lay 
within 0.5 cm from any wall of the chamber, and events 
in which the normal to the decay plane made an angle 
of less than 5” with the horizontal. 

2. Kiiiernatical Constraints 

T h e  following quantities were calculatcd for each 
me;isuretl event. 

( a )  The three kinetic energies 11, t., arid t a  correspond- 
ing to the two positive pions and the negative pion, re- 
spectively, were calculated, and the Q value was deter- 
mined from their sum, i.e., 

3 

Qc=C t i .  

The vdrie of Qc was required to be in the range 75.08 
f6.00 nleV.‘j The kinetic energy ol each track was re- 
quired not to evceetl 5 2  AleV. 

5-1 

(b) The residual momentum 

,I 

P=IC Pi1 

was calculated, where the pi are the momenta of the 
sccondary pions. The quantity p was required to be less 
than 30 hleV/c. 

i- 1 

(c) A coplanarity measure 

(Pixpi) ’ p k  

I ~ i l  IPjI I P ~ I  
4 =  ___- 

was calculated and required to differ from the zero by 
no lll(JI’€! than rtrO.100. In the c;tse where one of the sec- 
ondary pioils tws too short to ] ) e  mc;isuretl in :t nictn- 
iiigful w t ~ ~ ,  ; t id  Iici1c.e cIassi1ic.d ;is being “insigiiilic:li1tI” 
;t cdirie;ti-it!. nicawre 

4’ IPiXPiI 

Ipil lpil 

was calculated and required to  be less than 0.200. 
The limits on the ranges of the above quantities were 

1):tsctl on the measurements of an initial sample of it[)- 
proxiniatcly 800 events. Since the quantities or, />, 
; ~ n d  + or  +’ ;ti.< not int~<~p:n(~cni ,  it wad requiretl tha t  
the percentage of events which passed-each test sep;L- 

All particle misses, Q values, ctc., were t&en from N. U:imsh- 
Schmidt, A.  ljnrl)nro-C:~ltirri, L. I<. I’rice, A. 11. Roscnfrl~l, 1’. 
SGitling, C. G. Wold, M. ROUS, and G .  (:onforto, I k v .  Mod. 1’h.s. 
41, 109 (19GO). 
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rately be approximately the same. This requirement 
was met a t  the roughly 90% passing level. 

Any event in which one or more of the above-men- 
tioned quantities failed to lie within the specified ranges 
was returned to the scanners for remeasurement, possi- 
bly with a new interpretation. If successive measure- 
ments of an event failed one or more of the tests, but 
were, within statistics, internally consistent and com- 
patible with the event being a 7 decay a t  rest, the cri- 
teria were relaxed first by 2573 then, depending on the 
number of remeasurements, by 50 or loci%, if necessary. 
The procedure was, however, to exhaust all of the possi- 
bilities of reinterpreting an event before large relaxa- 
tions of the criteria were permitted. 

For some events, even 1 0 0 ~ o  expansions of the test 
criteria were not sufficient. Such events were usually 
those which had a poor kinematical configuration (e.g., 
events with two “incomplete” secondary pions and a 
low-energy “complete” secondary), or those which had 
a distorted geometrical configuration (such as events in 
which one of the secondary pions scattered so close to 
the K decay point that its measured direction was niean- 
ingless). Events of this kind were subjected to a special 
set of “hand calculations” in which the fact that the 
kinematics for 7 decay are overdetermined is utilized. 
The “hand calculations” are of two types. 

(a) Calculations using conservation of momentum. 
In this case the input, consisting of the kinetic energies 
of the “good” secondary pions and the direction cosines, 
was used to calculate the kinetic energies of the “bad” 
secondary pions by requiring that the vector sum of the 
secondary momenta vanish, as it must for a 7 decay at  
rest. However, a different method of averaging over the 
experimental space angles was used than that of the 
regular calculation. The Q value was then calculated 
from the sum of the secondary kinetic energies as a 
check. 

(b) Calculations using conservation of energy. I n  this 
case the input, consisting of the direction cosines of the 
three secondary pions, was used, together with the re- 
quirement that  the Q value be the accepted value of 
75.08 MeV, to  generate the kinetic energies of the sec- 
ondary pions. 

The results of the “hand calculations” were then ex- 
amined for internal consistency and compared to the 
results of the measurements obtained from NP5.1. A 
decision was then made, by at  least two physicists, as 
to whether to accept one of the versions of the “hand 
calculations” or one of the NP54 versions, or to further 
remeasure the event. 

111. DATA 

A. Tabulation 

Approximately 31000 frames were scanned and a 
total number of 23 27.5 events was located. Of this 
number 6034 were found to lie outside the prescribed 

T +  D E C A Y S  A T  R E S T  1279 

TABLE I. Classification of the data. 

Accepted Rejected 

Outside fiducial volume 6034 
Decays in flight 2588 
Unmeasurable 37 
Unidentified 6 
Passed all tests 13 718 
Passed relaxed tests 559 
“Hand calculations” 33 

Total 14 310 8965 

fiducial “volume,” 2888 were classified as 7 deca>-s in 
flight, 37 were “unmeasurable” events, and 6 remained 
‘‘mident ified.” The “unidentified” events were 7-like 
decays which failed to  meet the maximum expandable 
ranges of one or more of the tests described above, and 
failed to give results consistent with a 7 decay in the 
various “hand calculation” schemes. Since all of these 
events had abnormally low Q values, they are most likely 
radiative 7 decays. Using the value 8.5X1W4 for the 
branching r a t i ~ ~ - ~  I’(3?r+y)/I’(37r) with a photon of 
energy > 12 MeV, 12 radiative 7 decays are expected. 
Comparing this with the number of “unidentified” 
events, it is estimated that our final sample contains 
approximately six undetected radiative 7’s. “Uniden- 
tified” events constitute a possible source of bias, but 
the number here is obviously negligible. 

The remaining events, 14 310 in number, were in- 
cluded in the final analysis. Of these, 13 718 passed all 
the tests described above, in 559 cases the limits on the 
deviations of Qc, p ,  and 4 or 4’, or a combination thereof, 
had to be relaxed, and 33 were settled by the use of 
“hand calculations.” These figures are summarized in 
Table I. 

B. Renormalization of Secondary-Pion Kinetic Energies 
An average Q value Qo was calculated for all events 

which had all three secondary pions “complete” and 
passed all the unrelaxed criteria described above. The 
value obtained was Q0=76.1 MeV. The standard 
deviation of a single event of this type was 1.6 MeV. 
Likewise, an average Q value Qor was calculated for all 
events with an “insignificant” or “zero-energy” track 
which passed all unrelaxed tests. The value QoI= 74.7 
MeV was obtained. The difference of the two means, 
AQ=Qo-Qo1=1.34 XeV, was assigned as the un- 
renormalized kinetic energy of all “insignificant” 
secondary pions. 

In order to eliminate small systematic effects (such 
as an error in the assumed density of the liquid in the 
bubble chamber), and in order to give more weight to 
the directlj- measured energies of “complete” tracks as 
compared lvith the indirectly measured energies of “in- 
’ R. H. Dalitz, Phys. Rev. 99, 915 (1955). 
81. R. Lapidus and M. J. Tausner, Phys. Rev. 140, B1620 

P. Stamer, T. Huetter, E. L. Koller, S. Taylor, and J. Grau- 
(1965). 

man, Phjs. Rev. 138, B 4 O  (1965). 
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complete” tracks, all events were renormalized as 
follows : 

(a) Events in which all secondary pions were “coni- 
plete,” including those with an “insignificant” pion, 
had their kinetic energies renormalized as 

lie= ( Q o / @ c ) l i  (i= 1,2,3) * 

(b) Events with one “incomplete” secondary pion 
h;id their kinetic energies renormnlizcd as 

tie= t i ,  

IjO’ l j ,  

[kO=QO-[i-lj, 

where l i  and 1, are the measured kinetic energies of the 
two “coniplete” secondary pions. 

(c) Events with two “incomplete” secondary pions 
h;id their kinetic energies renorni;~Iize‘d as 

l io= l i ,  

Q o - - ( i  

fj+lk 
I .  - ---I. 

J o -  3 7  

Qo-Ii 

l j + I k  
h ,  

/ ----I 
10-  

where / i  is the calcul:ttetl kinetic cncrgy of thc “coni- 
pletc” sccontlary pion. 

I~indly,  all kinetic energies were rcnorin;~li;l.ctl t o  the  
accepted () v;ilue, Q= 7.5.08 A!IeV,“ by 

Ti= (Q/@O)tiO (i= 1,2 ,3) .  

The 14 310 bubl)le-ch:mber events were then coni- 
bined with the 3588 emulsion events previously re- 
ported2 to give a total snniple of 17 808 events for the 
anal\.sis. 

IV. ANALYSIS OF DATA 

The find-state kinematics of K -+ 3~ decays may be 
described by two independent variables such ;IS the 
1,oreiitz-invariant quantities S 3 - S O  and S1-S2, where 
the S i  are the hi1;indelstam variables defined b\, 

si= ( P - ( l ; ) 2  (i= 1, 2, 3) ,  

where P is the four-monientum of the kaon and q i  i s  the 
forir-moiiientum of thc i t h  pion. ‘I’hc intlcs i =  3 r d c w  
t o  thc T-. In the rest frame of the tlecx>,ing pirticli~, 

sa = ( M K  - ?I/ i)2- ‘ M K  Ti 
: 1 n t l  

3 3 

So=;  S i= !  (iCfx-mi)?-3h’,=i(~. 
l a  1 i- 1 

,VK is i h ( a  n1:tss of the kaon and wi, is 1 hi‘ ni;iss of the 
it11 pion. For convenience the vari;iblcs S ; tnd I‘ :ire 

introduced : 
x’= (fl)(S,-SS2)/2~x@, 
k’= - ~ ( ( S ~ - S C J ) / ~ M K @ ,  

which, in the case of T* decay, are identical with the 
Dalitz 

A”= (G)(Tz-T1) /@,  
y= (3T3-Q) /@.  

The tliffcimtial decaj. probability may be written as 

20 ( s , I.’)tlStl E’ = I M ( s, E’) I 24 (.Y, Y ) C  (S, I’)tlStl I.’ , 
where + ( S , Y )  is the invariant phase space, M(.Y,Y-) is 
the niutris element neglecting final-state Coulomb in- 
teractions, and C(.Y,Y) is a factor to account for the 
final-state Coulomb interactions” Ixtween pairs of 
pions. 

The physical ranges in X and Y were divided into ten 
equal intervals, giving 100 “liins,” not all  of which are 
physically allowed. The events were sorted into these 
bins by a sorting progruii. It was found that 33.3 events 
lay outside the physical region, but :dl lay within - 5  
MeV of the boundary. These events were moved to the 
nearest physical bin. 13ins which had only n small part 
within the physical region were consolidated with 
neighboring bins, thus reducing the nuiii1)er of physical 
bins from 80 to  80 (see I:ig. 1). 

’I’he “theoretical” numlxv- of events i n  t hc i-.j bin is 
given by 

Ayi,thM = ~,,o/Xi msx jY l : j  :;ax 

X i  min j rnm 

where SO is the total number of events, R is the entire 
phase-space region, and Y, ,,,, ,,, S, 
give the physical ranges of the varialdes in t h e  i - j  hin. 

I‘ollowing U’einl)erg,12 the sqii;ire of the niat  ri \  elcl- 
ment, I M (X,I’) 12, may be e\pantlcd i n  ;L power series 
in  the variables .Y and E’ defined above : 

E’, ,,1,,,, and I’, 

M K Q  

Ij?c:iuse of the symmetry under interchange of  t h e  like 
pions, the espinsion contains only e\ en powers of S-. 

’” li. 11. Dalitz, Phil. Mag. 44, 1068 (1953). 
” R. H. I)alitz, I’roc. I’hys. SOC. (Lontlon) A69, 527 (1050) ; see 

“S. Weinberg, Phys. Rev. Letters 4, 57 (1960); 4, SSS(1;) 
footnote on p. 537. 

(1900). 
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,! 

The spectrum was examined using the two forms : 

The dependence of the observed spectruin on the 
variables X and Y is found by fitting the resultant 
L \ ~ , ~ ~ ~ ~ ~ ~  to the observed frequencies SzJDbs by nieans of 
a X2 test. Specifically, 

(Najnhs  -SzJtheor )2  

X2=C 
1 . j  AJ-tjthour 

is minimized uith respect to parameters appearing in 
the various forms of zu(X,U) used to generate the quan- 
tities A r a J t h ~ u r .  

The X2 test, using form (a) above for IMI2, gives 
X2= 156 for 78 degrees of freedom, with a X2 probability 
<O.Ol%. This large value of X2 dictated a reexamination 
of the data. I t  was found that in the region of the Dalitz 
plot corresponding to low P+ energy, nine bins made 
contributions to X2 of 4 or greater. Of these bins, those 
lying on the border of the Dalitz plot seemed to contain 
too few events, while those lying one bin away from the 
border seemed to contain too many events. A possible 
explanation is that  in the case of very short positive 
pions, the measurers sometimes inadvertently measured 
the decay muons. (This is consistent with the observa- 
tion that the muons are not always clearlj. distinguish- 
able.) T o  allow for this possibility, four pairs of adjacent 
bins were consolidated, reducing the number of bins to 
76 (see Fig. 1). 

A X 2  test with the consolidated bins, using form (a) 
for IMI2,  gives X2= 114 for 74 degrees of freedom, with 
a X2 probability of -0.2%. The fit yieldsI3 a,+=0.131 
f0.008. LVhile the value of x2 is still somewhat large, 
two widely separated bins contribute 27 to X2, the re- 
maining bins corresponding to a - 10% fit. Hence i t  is 
felt that  the linear form (a) for / M I 2  is an adequate fit 
to the data. 

The corresponding X2 test using form (b) above gives 
X 2 =  111 for 72 degrees of freedom, with a X2probability 

0.924 

0.0 
Y 

-1.0 . 
0.9 65 

X 
0.0 

FIG. 1. Dalitz plot, showing division into 76 bins. The dashed 
lines show the bins prior to the correction for low-energy positive 
pions. The numbers in each bin are the experimental (top) and 
theoretical (center) numbers of events, and the contribution to 
x2, for the hest-fit linear squared matrix element. 

of -0.2%. Hence the inclusion of quadratic terms in 
I M 12 gives no significant improvement in fit. The re- 
sults are summarized in ‘Table 11. 

For purposes of displah-, graphical approximations to 
1 M I 2 ( Y )  and IM 12(.Y), both experimental (points with 
errors) and “theoretical” (solid curves), are presented 
in Figs. 2 and 3 .  These were obtained by dividing the 
e\-perimental and calculated numbers of events, summed 
over S or E’, by the appropriate integal over phase 

l3 Before the consolidation of the four pairs of bins, the value of a,+ was the same within three significant figures. 
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1.2 

IM12(Y) 1.0 

0.8 

1 1 %  
2037 

2376 

1333 1915 

space, including the Coulomb correction, and renor- 
malizing to unity. The linear form, (a) above, was used 
for [ M ( 2 .  In  the .Y distribution the phase-space integral 
included the Y-dependent term of I M 1 2, since the aver- 

TABLE 111. Compilation of experimental 
K -+ 3~ slope parameters. 

~ . --__ 
~~ -~ ____- --  _. 

Decay Number 
mode of events Authors Ref. a 

~- . ~~ 

T+ 17 898 This crperiment 
9 994 
5 428 A. Zinchenko 

5 778 M.  1,. hloscoso 
1347 hl. 1;crro-Luzzi et al. 

1874 V Bisi et d. 
1 792 

1350 
1 198 

W. K. Butler el 01. 

T- 50919 T. S. Mast el al. 

*'+ 4 048 D. Davison el d. 
G ,  1s. Kalmus et 01. 

H. W. K .  FIopkins el d. 
U. M. K .  Nclkens et al. 

K"* 2 &6 1'. lhsilc el al. 

. ~- .-  

14 
15 
16 
17 
18 
10 
20 
21 
22 
23 
24 
. 

- 

0.131 f0.008 
0.146f0.011 
0.147f0.016 
0.130zt0.005 
0.127zt0.015 
0.147f0.024 

-0.344f0.012 
-0.400f0.067 
-0.320f0.027 
-0.245f0.026 
-0.377f0.023 
-0.265f0.032 
__ ~ ___ 

FIG. 2. Y dependence of [MI*.  
See text. The number of events in 
each bin is given above the experi- 
mental points. 

TABLE IV. Predictions of various models. 
__ ~.____~___.___ .____ .___ ~ __ ~___ 

A I = l  
Author(s) Ref. a, a,' a K , o  rule 

H. D. J. Abarbanel 27 0.17 -0.35 -0.35 yes 
Y. T. Chiu et d. 28 0.16 -0.32 -0.32 yes 
L. J. Clavelli 29 0.17 -0.37 -0.37 noa 
1). F. Greenberg 30 0.16 -0.32 -0.32 yes 
K. C. Gupta et d. 31 0.16 -0.34 -0.30 noa 
Y. Hara et al. 32 0.16 -0.34 -0.30 yess 
C. Ilzykson et al. 33 0.16 -0.32 -0.32 yes 
M.  C. Li 34 0.16 -0.32 -0.32 yes 
1'. McNamee 35 0.13 -0.26 -0.26 yes 

- 

D. A. Nutbrown 36 0.16 -0.32 -0.32 yes 
C .  Bouchist et al. 37 0.131b -0.34 -0.33 no 
II. Holstein 38 0.131b -0.38 -0.36 110 

H. T. Nieh 39 0.131b -0.35 -0.34 no 
K. N. Chztutlhuri 40 0.15 -0.31 -0.31 yes 

-0.27 -0.25 yesa {::!: -0.35 -0.18 no' K. H. Graham e( d. 41 
~ ______ -- 

8 Mass differences within isotopic-spin multiplets are taken into account. 
b The value obtained by present experiment used as input. 
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FIG. 3. X dependence of IM(* .  
See text. The number of events in 
each bin is given above the experi- 
mental points. 
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age value of the term is not zero. Also in that distribu- 
tion, the last two points have been consolidated in order 
to approximate the correction for low-energy T+’S de- 
scribed above. 

As a check, the results obtained from the bubble- 
chamber data alone have been calculated and are con- 
sistent with those obtained from the emulsions data 
alone. 

V. DISCUSSION OF RESULTS 
No convincing evidence of quadratic or higher-order 

terms was found in the squared matrix element for the 
decay. 

A compilation of K -+ 3r data is presented in Table 
III.’4-24 The results of the present experiment are con- 
sistent with the results of other experiments on T+ decay. 

W. R. Butler, R. W. Bland, G. Goldhaber, S. Goldhaber, A. A. 
Hirata, T. O’Halloran, G. H. Trilling, and C. G. Wohl, University 
of California Lawrence Radiation Laboratory Report No. UCRL- 
18420 (unpublished) and addendum, 1968. 

IK A. Zinchenka, thesis, Rutgers, The State University (un- 
published). 

laT. S. Mast, L. K. Gershwin, M. Alston-Garnjost, R. 0. 
Bangerter, A. Barbaro-Galtieri, J. J. Murray, F. T. Solmitz, and 
R. D. Tripp, Phys. Rev. 183, 1200 (1969). 

l7 M. L. MOSCOSO, thesis, University of Paris, Orsay (un- 
published). 

la M. Ferro-Luzzi, D. H. Miller, J. J. Murray, A. H. Rosenfeld, 
and R. D. Tripp, Nuovo Cimento 22, 1087 (1961). 

le D. Davison, R. Bacastow, W. H. Barkas, D. A. Evans, S. Y. 
Fung, L. E. Porter, R. T. Poe, and R. Greiner, Phys. Rev. 180, 
1333 (1969). 

% V .  Bisi, G. Borreani, R. Cester, A. DeMarco-Trabuco, M. 
Ferrero, C. Garelli, A. Chiesa, B. Quassiati, R. Rinaudo, M. 
Vigone, and A. Werbrouck, Nuovo Cimento 35, 768 (1965). 

G. E. Kalmus, A. Kernan, R. T. Pu, W. M. Powell, and R. 
Dowd, Phys. Rev. Letters 13, 99 (1964). 

__.r_ 

0.965 

Following Wolfenstein,2j the deviations from CP con- 
servation may be calculated by comparing T+ and T- 
slopes through the quantity 

ar+-ar- 
A=-. 

a,++ar- 

Using the results of Mast et aZ.,16 together with the pres- 
ent data, the value A=0.004f0.036 is obtained, which 
is consistent with CP conservation. A number of 
modelsz5 for CP violation predict A< lop. 

with the A I =  6 rule 
predicts 

The linear 

- C Y K ~ ~ / C Y ~ =  -2 and a,t/ar= -2 .  

These ratios are to be compared with the experimental 
values 

L Y K * O / ~ ~ + =  - 1.92f0.19 and ar,+/ar+= -2.63f0.18, 

where the average value of C Y K ~ ~  from Refs. 22 and 24 
and the value of art+ of Ref. 19 were used. As reported 
previously: the first of these, ag20/a,+, is consistent with 
the predictions of the AI= 3 rule, while the other, a,<+/ 

E P. Basile, J. W. Cronin, B. Thevenet, R. Turlay, S. Zylberajch, 
and A. Zylbersztejn, Phys. Letters 28B, 58 (1968). 

W H. W. K. Hopkins, T. C. Bacon, and F. R. Eisler, Phys. Rev. 
Letters 19, 185 (1967). 

21B. M. K. Nefkens, A. Abashian, R. J. Abrams, D. W. Car- 
penter, G. P. Fisher, and J. K Smith, Phys. Rev. 157, 1233 
(1967). 

*6 L. Wolfenst in,. Lectures given a t  International School of 
Physlcs “Ettore hajorana,” 1968 (unpuhlished) ; B. R. Holstein, 
Phys. Rev. 177, 2417 (1969). 

20 R. F. Sawyer and K. Q. Wali, Nuovo Cimento 17,938 (1960). 
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- ,  
Supl)l. 5 ,  $78 (1667). 

867, 1068 (unl)ul)lishctlj. 

34 bl. C, I.i, Kuovo (’imento 55A, 1 0 5  (1968). 
1’. hlcNamcc, University of 1Cl;ir)~lantl ’I’echnicnl I<el)ort No. 

38 I). A. Nutl)rown, Kuovo (‘imrnto 56A, 470 (1068). 
37 C, Ilouchiat nntl I ’ h .  Meyer, I’hys. Ixttcrs 25B, 282 (1967). 

3 u  H. T. Nieh, I’hys. Kcv. Letters 20, 82 (1968). 
‘I’ K. N. Chnutlhuri, I’hys. Rcv. 175, 2000 (1068j. 
( I  K. 11. Graham and S. IC. J’un, I’h>.s. Kev. 171, 1550 (1068). 

43 W. A. I h n n  antl I<. I<amachantlraii, I’hys. 12ev. 153, 1558 

44 S. 1’;liczer ant1  1’. Singer, Nucl. 1’hj.s. B4, 607 (1968). 
4 5  1 .  I<. I.al)itlus antl B. L)utta-l<oy, Nuovo Cinicnto 58A, 681 

13. Holstein, 1’hJ.s. Kcv. 183, 1228 (1969). 

I 42 1. hl. 14arl)our and I<.  1,. Schult, I’hys. Rev. 155, 1712 (1907); 
K. 1,. Schult and I .  hl. I<art)our, ibid. 164, 1791 (1967). 

(1967). 

(1968). l -  

a,+, indicates a 33-standard-deviation violation of the 
predicted value. This result is consistent with the results 
obtained from the 7- esperiment of Mast et ~ 1 . ’ ~  

Theoretical treatments of K + 3a deca\.s utilizing 
current algebra with pnrtial conservntion of asial-vector 
current (PCAC) predict actual values for the slope 
parameter cy27-3x (see Table IV). These values are in fair 
ngreement with the tlat a. i V i ~ h , ~ ~  using :i phenomenolog- 
ical model with A I =  a,dmisturcs, predicts relationships 
between the cy’s in fair agreement with the data (see 

(‘ha~idhuri,~” and (;rah:rni :Lnd Y1111,~’ using pole 
models, calculate viilues of the cy’s similar to those ob- 
tained from current algebra (see Table 11;). 

R numher of models based on the strong interiictions 
of the pions in the final state have been proposed. 
Ilarborir :ind Schu1t4* and 1)iinn antl l i a m a ~ h a ~ i d r ~ i n ~ ~  
used the I~;itltlecv equations to c:ilculntc Ii --f 3a decay 
spectra. Eliezcr and 1,apidus and I)utta-Ko!.,4:1 

Table IV). 

27 H. I). I. Al)arl)anel, I’hj s. Kcv. 153, 1517 (1067). 
2* Y .  T. Chiu, J .  Schechter, and Y. Uetla, Phys. 12cv. 161, 1612 

2u L. J .  Clavclli, I’hys. Rev. 160, 1384 (1967). 
3o I). Greenlmr. I’hvs. Rev. 178. 2190 (1060). 

(1967). 

< a ,  

31 K. C .  (;upta, I<. hlajumtlar, and K. C. Tr ip thy ,  I’h, 5. Rev. 

Y. Hara and Y .  N;iml)u, I’hJs. Rev  I.cttcrs 16, 875 (1066). 
33 C. ItLvkson. hl. lacol). :rnd (;. hIahou\. piuovo Cimcnto 

160, 1275 (1967). 

and Mitra and have proposed resonance models. 
Vkneziano47 proposed a model for the pion-pion scatter- 
ing amplitude based on the Regge pole= resonance 
duality. L o v e l a ~ e ~ ~  applied this model to K and 7 -+ 3~ 
decays. All these models have at least one free param- 
eter. Any of these models should fit the data reasonably 
well for some value or range of values of the parani- 
~ t e r s . ~ ~  In  fact, since the data require only a linear form 
for the square of the matrix element, any theoretical 
model (a) which is capable of being expanded in a linear 
approximation, (b) where the coefficient of the linear 
term is not fixed, and (c) where the higher-order terms 
are  not too large will be in fair agreement with the data. 
In  all of the above models, where quadratic and higher- 
order terms are predicted, these terms are small and 
arc  consistent with the data. 

In cbnclusion, (a) there is no convi’ncing evidence for 
quadratic terms in the T+ decay spectrum, (b) there is 
no evidence for a violation of CI’ invariance in ~ - t  decay, 
(c) a significant violation of the A I =  rule has been 
established for K+ + 3a d c c a ~  ,4 and (d) the data are in 
f a i r  agreement with the models mentioned above. 
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